The gas-phase reactions of F~(CH30H) and F~(CzH50H) with t-butyl bromide have been investigated to explore the effect of the solvent on the E2 transition state. Kinetic isotope effects (KIEs) were measured using a flowing afterglow-selected ion flow tube (FA-SIFT) mass spectrometer upon deuteration of both the alkyl halide and the alcohol. Kinetic isotope effects are significantly more pronounced than those previously observed for similar reactions of F~(HzO) with t-butyl halides. KIEs for the reaction of F~(CH30H) with t-butyl bromide are 2.10 upon deuteration of the neutral reagent and 0.74 upon deuteration of the solvent. KIEs for the reaction of F-(CzHsOH) with t-butyl bromide are 3.84 upon deuteration of the neutral reagent and 0.66 upon deuteration of the solvent. The magnitude of these effects is discussed in terms of transition-state looseness. Additionally, deuteration of the neutral regent and deuteration of the solvent do not produce completely separable isotope effects, which is likely due to a crowded transition state. These results are compared to our previous work on S N2 , and more recently have been extensively studied in the gas phase as well {3-9]. While these prototypical condensed-phase and gasphase reactions are relatively well understood, significant differences in the reactivity of species in these phases have been observed [10] [11] [12] [13] [14] [15] . For example, the acidities of aliphatic alcohols in the gas phase, observed by Brauman and Blair [16] to be t-C 4H90H > iso-C 3H70H > CzHsOH > CH 30H > HzO, have the reverse order of that measured in solution. Additionally, the rate of a reaction usually varies significantly between the solution phase and the gas phase. For example, the reaction of hydroxide with methyl bromide is 16 orders of magnitude faster in the gas-phase compared with the reaction in aqueous medium [17] . This is due to the need for solvent reorganization as the reaction proceeds in solution, as well as the greater thermodynamic stability of the solvated ion. It is obvious that a single solvent molecule does not mimic the solution phase; however, a study of microsolvated ions will begin to shed light on the transition between these phases.
F undamental organic reactions, such as substitutions and eliminations, have for decades been studied in solution [1, 2] , and more recently have been extensively studied in the gas phase as well {3 -9] . While these prototypical condensed-phase and gasphase reactions are relatively well understood, significant differences in the reactivity of species in these phases have been observed [10] [11] [12] [13] [14] [15] . For example, the acidities of aliphatic alcohols in the gas phase, observed by Brauman and Blair [16] to be t-C 4H90H > iso-C 3H70H > CzHsOH > CH 30H > HzO, have the reverse order of that measured in solution. Additionally, the rate of a reaction usually varies significantly between the solution phase and the gas phase. For example, the reaction of hydroxide with methyl bromide is 16 orders of magnitude faster in the gas-phase compared with the reaction in aqueous medium [17] . This is due to the need for solvent reorganization as the reaction proceeds in solution, as well as the greater thermodynamic stability of the solvated ion. It is obvious that a single solvent molecule does not mimic the solution phase; however, a study of microsolvated ions will begin to shed light on the transition between these phases.
Kinetic isotope effects (KIEs) are often used to study reaction mechanisms because they are a sensitive probe for transition-state structure. Deuterium KIEs are the ratio of the perprotio to the perdeutero rate constants (KIE "" kH/k D . ) It is well known from statistical rate theory that rate constants, and hence KIEs, have electronic, translational, vibrational, and rotational contributions. Kinetic isotope effects, however, are primarily due to changes in vibrational modes as a reaction proceeds from the reactants to the transition-state structure. A normal KIE (>1) is a result of the loosening of bonds in the transition state, which causes a decrease in the difference in zero point energy as the reaction proceeds from separated reactants to the transition state. An inverse KIE «1) results from the tightening of bonds in a transition state, causing an increase in the difference in zero point energy as the reaction proceeds.
Both theoretical and experimental work have been carried out on systems containing microsolvated ions [4, [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] . The fluoride ion is a perfect candidate for microsolvation because it exhibits remarkably different reactivity in the gas phase compared with solution; fluoride is the most reactive halide ion in the gas phase, but the least reactive in solution. Several studies of microsolvated fluoride ions have been carried out. The bimolecular substitution (S N2) reactions of F~(HzO)l [28] , F-(HzO)o_s (20] , F~(CH30H), F~«CH3}zCHOH) and F~(HF) [19] with various methyl halides have been experimentally studied. Inverse isotope effects have been observed for both deuteration of the methyl halide and deuteration of the solvent molecule. Additionally, theoretical studies of the S N2 reaction of F~(HzO) with CH 3Cl [29] and of F-(HzO), F-(CHPH), and F-(HF) with a series of methyl halides [30] 
Experimental
These reactions were carried out in a flowing afterglowselected ion flow tube (FA-SIFT) mass spectrometer [31, 32] . Fluoride was produced by electron impact on NF 3 in a flow of helium in the source flow tube. Solvated fluoride ions were formed by association with ethanol or methanol, which is added downstream. The desired reactant ions were mass selected using a quadrupole mass filter and injected into the reaction flow tube, where they were thermally equilibrated to room temperature through collisions with He buffer gas (0.5 torr, 10 4 cm s Ϫ1 ). A known flow of t-butyl bromide, measured by a calibrated volume technique, was added to the reaction flow tube through a manifold of inlets. The depletion of the reactant ion and formation of the product ions were monitored using a quadrupole mass filter coupled to an electron multiplier. Reaction rate constants are determined by changing the position of the neutral reagent addition, thereby varying the reaction distance and time. The reactions were carried out at 301 Ϯ 3 K. Parallel reactions of deuterated reactants were studied under identical conditions.
Reported rate constants are the average of at least three individual measurements, and the stated error bars reflect the standard deviation of these measurements. Errors reported for the kinetic isotope effects are the propagation of the standard deviation. Absolute uncertainties in these rate measurements are Ϯ20%; however some systematic errors cancel in the rate constant ratio, so that the error bars for KIEs are significantly smaller. Neutral reagents were obtained from commercial sources and used without further purification. [ Efforts were made to minimize mass discrimination. Estimates of the remaining mass discrimination were carried out through a series of calibration reactions, which span the mass range of our instrument. These reactions were chosen such that a single reactant ion, when allowed to react with a carefully selected neutral reagent, formed a single ionic product. Correction of the reported product ion branching ratios for the bare ion present as a result of collision-induced dissociation of the reactant cluster was necessary since its reaction with t-butyl bromide also formed some of the same product ions. This complication was accounted for by monitoring both reactants as a function of time, and subtracting the bare ion contribution from the overall result.
Electronic structure calculations were carried out using the Gaussian 03 [33] program package. Optimized geometries and frequencies of the reactants and the transition states were calculated using density functional theory (B3LYP/6-311 ϩϩ G(d,p) [34, 35] . Cartesian coordinates of all optimized geometries, as well as energies of the transition-state structures, are provided in the Supporting Information (which can be found in the electronic version of this article). Transition states were identified as having exactly one imaginary frequency and by confirmation of movement along the reaction coordinate by animation of this frequency. Results of electronic structure calculations are used in this work for qualitative arguments only; a more thorough computational study is beyond the scope of this paper. Table 1 summarizes the E2 rate constants, reaction efficiencies, kinetic isotope effects, and clustered product branching ratios for the reactions of solvated fluoride with t-butyl bromide, as well as deuterated analogs of the ionic and neutral reagents. The reaction efficiency is defined as the ratio of the experimentally determined rate constant to the collision rate constant; the latter values were calculated using parameterized trajectory collision rate theory [36] . The electric dipole polarizability for t-butyl bromide was calculated using the Miller-Savchik method [37] , and was found to be 10.8 ϫ 10 Ϫ24 cm 3 . The dipole moment for t-butyl bromide was calculated using the Gaussian 03 [33] program package as 2.596 D. This calculation also confirmed the electric dipole polarizability. "Neutral k H /k D " refers to the isotope effect resulting from deuteration of t-butyl bromide; "k ROH / k ROD " refers to the isotope effect resulting from solvating fluoride with an alcohol deuterated only at the OH functional group; "solvent k H /k D " refers to the isotope effect observed for fluoride solvated with the perdeutero alcohol. Solvated ions, Br Ϫ (HF) and Br Ϫ (ROH), as well as unsolvated Br Ϫ are observed as products of all reactions. Branching fractions given in Table 1 Isotope effects determined for reactions upon deuteration of the neutral reagent are significantly greater than one. This effect is attributed to the C-H and C-D bonds loosening in the E2 transition state (Figure 1 ). It is unlikely that there is a contribution from a competing S N 2 mechanism; the t-butyl group has been shown to provide considerable steric hindrance which prevents an S N 2 reaction from occurring [6] . Additionally, there is no evidence of a ligand switching mechanism in which the neutral reactant replaces the solvent in the cluster. This mechanism is endothermic due to the strong interaction between the fluoride anion and the solvent molecule. Isotope effects determined as a result of deuteration of the solvent are inverse. Generally, the solvent isotope effect is attributed to a shrinking of a bond within the solvent molecule, in this case the O-H bond, as the reaction proceeds from the reactants to the transition state. In the reactants, the O-H bond is elongated relative to that in an isolated solvent molecule, due to its interaction with fluoride. As the reaction proceeds, this interaction weakens and the O-H bond contracts.
Results and Discussion
The solvent isotope effects are more pronounced for the reactions of F Ϫ (C 2 H 5 OH) than for the reactions of F Ϫ (CH 3 OH); both of these solvent isotope effects are more dramatic than that observed for F Ϫ (H 2 O), which was 0.94 for the reaction with t-butyl bromide. This trend reflects the acidities of the solvent, and therefore the cluster binding energy. Ethanol is the most acidic of these solvents and therefore most readily shares a proton with fluoride. The stronger the interaction between fluoride and the solvent molecule, the more elongated the O-H bond becomes, relative to the iso- , respectively. The contribution from association is subtracted from the observed rate constant to determine the E2 rate constant. While there appears to be variation in the association branching fractions, their ratios essentially cancel out in the kinetic isotope effects. That is, for the three kinetic isotope effects measured as a result of deuteration of the solvent, 0.04
The same is true of the solvent effects.
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We have previously studied the kinetic isotope effects for a wide variety of microsolvated substitution reactions. These results also demonstrate an inverse KIE upon deuteration of the solvent. Figure 2 shows the solvent kinetic isotope effects as a function of reaction efficiency for the previously studied S N Figure 2 are more exothermic than those in the theoretical studies, and therefore likely the anion remains solvated. While these computational results may seem inconsistent with thermochemical considerations, it may reflect that earlier transition states can occur for more exothermic reactions. The S N 2 reactions and the E2 reactions shown here follow similar trends; this suggests that these elimination reactions also proceed though a transition state where the solvent is bound to the anion.
The reaction efficiencies for bare fluoride with methyl bromide (an S N 2 reaction) and with t-butyl bromide (an E2 reaction) are 0.70 and 0.71, respectively. When one compares the efficiencies and KIEs for the reactions of water-solvated fluoride with these two neutral reagents, shown in Figure 2 , the S N 2 reaction has become significantly less efficient than the E2 reaction despite being the more exothermic of the reactions. The same is true for the reactions of methanol-solvated fluoride. These observations were not expected since computations have shown that solvation stabilizes S N 2 transition states relative to E2 transition states [18] . However, this is the first study that directly compares bare S N 2 and E2 systems and solvated S N 2 and E2 systems experimentally. This intriguing result is a clear target for future experimental and theoretical work.
There have been several attempts [40 -42] to define parameters that relate transition-state geometry to reactivity and isotope effects for S N 2 reactions In an S N 2 reaction, the nucleophile attacks a tetrahedral molecule 180°away from the leaving group; a trigonal planar transition state is formed before expelling the leaving group to form a tetrahedral molecule that is inverted relative to the original molecule. Most recently, Glad and Jensen [42] defined a looseness parameter, ⌬R ‡ :
where the superscript zero refers to the reactant or product bond length, the superscript dagger refers to the transition state, and X refers to either the nucleophile (Nu) or the leaving group (L). The looseness parameter is therefore the sum of the changes in bond length as the reaction proceeds. As the looseness parameter increases, the kinetic isotope effect increases (becomes less inverse). In addition to transition-state "looseness", S N 2 transition states have also recently been discussed as a function of transition-state "crowdedness." S N 2 deuterium KIEs are mostly a result of C-H stretching and out-of-plane bending motions; the space available to these motions is therefore crucial, but not necessarily proportional to the looseness of the transition state. However, no explicit parameter has been defined to address the volumes occupied by the attacking nucleophile and the corresponding transition state; only qualitative arguments of analogous systems have been made. No such parameters have been suggested for E2 reactions possibly due to difficulties in accurately calculating E2 transition-state geometries. We have calculated analogues to the above parameter for the E2 transition-state geometry, as shown in Table 2 , for the reactions of microsolvated fluoride ion with t-butyl bromide for the E2 systems presented in this work, ⌬R ‡ is the sum of the changes in bond lengths (labeled 1-3 in Figure 3 ) between reactants and transition state, which are expected to change significantly as an elimination mechanism proceeds. Normal KIEs for deuteration of the neutral reactant in an E2 reaction are mostly due to a change in the C-H ␤ stretching motion. This C-H motion likely would not be affected by crowdedness, but instead by the looseness of the transition state. The crowdedness of the transition state, however, may affect the separability of the isotope effects and will be discussed later. As shown in Table 2 , the looseness parameter increases as the kinetic isotope effect increases, consistent with our results. In an analogous manner to the S N 2 systems, this parameter provides an accurate description of the reaction coordinate. While our optimized geometries correlate well with measured kinetic isotope effects, it is not possible to use these calculations to predict computational energetics since it is difficult to determine activation enthalpies to within 2 kJ mol Ϫ1 [43] ; in addition elimination reactions have a large number of low-frequency modes which are difficult to calculate.
For our previously studied microsolvated reactions (both S N 2 and E2), the KIE as a result of deuterating the solvent and the KIE as a result of deuterating the neutral reagent were separable to a first-order approximation. That is, for example:
However, in the cases of F Ϫ (CH 3 OH) and F Ϫ (C 2 H 5 OH), the analogous equality does not hold.
For F Ϫ (CH 3 OH), the overall observed KIE is 1.31 whereas the product of the individual isotope effects predicts the overall KIE to be 1.55, slightly outside of the experimental error. For the reaction of F Ϫ (C 2 H 5 OH) the overall observed KIE is 1.71 while the product of the individual isotope effects predicts an overall KIE of 2.42, well outside of the experimental error. This is not surprising when one carefully examines the isotope effects. Consider, for example, the reactions of methanol-solvated fluoride with t-butyl bromide when deuteration occurs only at the alcohol functional group. The isotope effect observed for reaction with (CH 3 ) 3 CBr is 0.82. However, when the neutral reactant is (CD 3 ) 3 CBr, the isotope effect is 0.66, a 20% decrease! The isotopic composition of the neutral reagent affects the solvent kinetic isotope effect.
Hu and Truhlar [29] calculated the isotope effects for the S N 2 reaction of F Ϫ (H 2 O) with CH 3 Cl. They noted two unexpected normal modes that were a positive and negative linear combination of the CH 3 Cl methyl group internal rotation and the out-of-plane bending motion of the free O-H. These modes were the most isotopically sensitive low-frequency modes, and therefore large contributors to the inverse isotope effect. Kato et al. [19] suggested that an analogous mode was present in the transition state of the reaction of F Ϫ (CH 3 OH) ϩ CH 3 X, where X ϭ Br and I, since deuteration of the methyl group in methanol resulted in an inverse KIE. Certainly, modes exist in these elimination transition states that involve motion of the solvent and motion of the neutral reagent, and therefore the isotopic composition of both the neutral reagent and the solvent contribute in some way to each isotope effect.
A physical interaction or conformational effect between the solvent and the neutral reagent at the transition state is also likely. Let us consider the two extremes as shown in Figure 4 . In Figure 4a , the ethanol solvent lies below the t-butyl bromide offering little opportunity for a physical interaction with the neutral reagent; this represents a less crowded transition state. In Figure  4b , the ethanol solvent lies adjacent to the t-butyl bromide, representing a more crowded transition state. The difference in these two structures is essentially the HFHO dihedral angle, which involves the rotation of the ethyl group around the oxygen. Likely, there is a low barrier to rotation for this angle. This situation is analogous to the looseness or space afforded to particular vibrations for S N 2 reactions. For fundamental modes, which include motion of both the t-butyl group and the solvent molecule, the space available for each motion is critical. Changing the isotopic composition of either the t-butyl group or the solvent molecule will affect the vibrational frequencies. If the transition state resembles Figure 4b , changing the vibrational frequencies of a part of the structure may affect the rest of the complex.
It is important to note, however, that while these effects are not completely separable, the magnitude and direction of the effects are consistent with previous explanations. That is, the normal isotope effect upon deuteration of the neutral reagent is mostly a result of the lengthening of the C-H bond in the transition state; the inverse isotope effect observed as a result of deuteration of the solvent molecule is a result of the water O-H bond length shrinking. Calculations further confirm that the bond lengths and angles change in accord with the previous assignments. The bond length within the solvent molecule does indeed decrease from reactants to transition state, and bond lengths and angles within the E2 transition-state change as have been seen for other calculated transition states.
Surprisingly, all of the microsolvated isotope effects that have been measured in the past were found to be separable. For the previously studied elimination systems, this is likely due to the size of the reactant. While the neutral reagent in these reactions was also a t-butyl halide, the solvent molecule was water. It is unlikely that water could provide much crowding of a t-butyl halide. For S N 2 systems, crowding of the transition state does not affect separability, but instead directly affects the neutral reagent isotope effect as discussed above. . While clearly entropic factors will favor the production of unclustered products, these contributions are likely small. The overall energetics of these reactions, as shown in Table 3 , are dominated by enthalpy contributions and suggest that the formation of clustered products will dominate the product distribution.
Calculations show that transition states for elimination reactions that have the anti-periplanar geometry are energetically favored over those with syn-periplanar geometry. If the product dynamics are more direct than statistical, this transition-state geometry may hinder the formation of clusters as a major product. The t-butyl group lies between the leaving halide and the newly formed elimination product, sterically hindering the formation of the clusters.
The unsolvated Br Ϫ is the dominant product of the reaction of F Ϫ (CH 3 OH) with t-butyl bromide. The reaction of F Ϫ (C 2 H 5 OH) with t-butyl bromide produces slightly more Br Ϫ than Br Ϫ (HF). The preference to form bare anions and the varied distribution of clustered products is probably due to product dynamics in the post-transition-state reaction complex; these complexes may be long-lived since these reactions are only moderately exothermic. This suggestion is consistent with the fact that the less exothermic F 
Conclusions
The reactions of F Ϫ (CH 3 OH) and F Ϫ (C 2 H 5 OH) with t-butyl bromide are examined with deuterium labeling, and more pronounced isotope effects are measured than for the corresponding reactions of F Ϫ (H 2 O). Normal isotope effects observed as a result of deuterating the neutral reagent are indicative of an E2 reaction. Inverse isotope effects observed as a result of deuterating the solvent are due to the reactant ion being more strongly solvated than the transition state. These effects are not completely separable, probably due to a physical interaction of the t-butyl group and the solvent molecule in the transition state. The use of a "looseness" parameter provides good correlations of the transition-state geometries to the E2 kinetic isotope effects. Data to determine ⌬H rxn were taken from the JANAF Thermochemical Tables [44] or the NIST WebBook [45] 
